The dependence of microstructure and thermal stability on Fe content of bulk Nd 60 Al 10 Ni 10 Cu 20−x Fe x (0 ≤ x ≤ 20) metallic glasses is investigated by means of differential scanning calorimetry (DSC), X-ray diffraction (XRD) and high-resolution transmission electron micrograph (HRTEM). All samples exhibit typical amorphous feature under the detect limit of XRD, however, HRTEM results show that the microstructure of Nd 60 Al 10 Ni 10 Cu 20−x Fe x alloys changes from a homogeneous amorphous phase to a composite structure consisting of clusters dispersed in amorphous matrix by increasing Fe content. Dynamic mechanical properties of these alloys with controllable microstructure are studied, expressed via storage modulus, the loss modulus and the mechanical damping. The results reveal that the storage modulus of the alloy without Fe added shows a distinct decrease due to the main ␣ relaxation. This decrease weakens and begins at a higher temperature with increasing Fe content. The mechanism of the effect of Fe addition on the microstructure and thermal stability in this system is discussed in terms of thermodynamics viewpoints.
Introduction
Recently, bulk Nd-based amorphous alloys have received considerable interest due to their high coercivity for potential permanent magnets [1] [2] [3] [4] [5] . Moreover, NdFeAl amorphous alloys are rather unique in the different families of bulk metallic glasses (BMGs), because they do not exhibit any glass transition temperature T g prior to crystallization temperature T x . Depending on the thermal stability, such alloys can be subdivided into two categories by Fe content: one class of alloys is iron-free or iron-poor systems, for example Nd 60 Co 30 Al 10 [4, 5] do not exhibit a distinct glass transition prior to crystallization starting at T x according to constant-rate heating DSC measurements, but exhibit an extremely high value of the ratio between the T x and T l around 0.9. The reason for the difference between different Ndbased systems is still unclear. In this work, the effect of Fe content on the glass forming ability and thermal stability of Nd 60 Al 10 Ni 10 Cu 20 bulk metallic glass was systemically studied. Mechanical spectroscopy is a very suitable technique for study the thermal stability and relaxation process by determined the dynamic modulus of glassy materials. A lot of work has been reported on this subject on polymers or oxide glasses [6] [7] [8] [9] , but significantly less on BMGs [10] [11] [12] [13] [14] [15] . Mechanical spectroscopy studies on Zr-, Pd-, and La-based BMGs have given valuable information on the kinetics of structural changes, as well as viscoelasticity and viscosity in the surpercooled liquid region [10] [11] [12] [13] [14] [15] . In this study, dynamic mechanical properties of Nd 60 Al 10 
Experimental
Ingots with a nominal composition of Nd 60 Al 10 Ni 10 -Cu 20−x Fe x (x = 0, 3, 5, 7, 10, 15 and 20) were prepared by arc-melting of elements Nd, Al, Ni, Cu and Fe with a purity of 99.9% in titanium-gettered argon atmosphere. Cylindrical specimens of 3 mm in diameter and 70 mm in length were prepared by suction casting into a copper mould. The structure of samples was characterized by X-ray diffraction (XRD) in a Philips PW 1050 diffractometer using Cu K␣ radiation. Thermal analysis was performed with a Perkin-Elmer DSC-7 differential scanning calorimeter under argon atmosphere. A constant heating rate of 0.17 K/s was employed. The dynamic mechanical properties were measured at a heating rate of 0.17 K/s by using a dynamic mechanical thermal analyzer (Rheometric Scientific DMTA IV) in three-point bending mode. The samples for these measurements were cut from the middle part of the cylinders and had a size of 1.2 mm × 3.0 mm × 30 mm. The applied static load was 1 N and the frequency for the dynamic load was 1 Hz. The microstructural observation of the samples was performed on a JEOL JEM-2010 high-resolution transmission electron microscope (HRTEM) operated at 200 kV. The DSC trace for the alloy without Fe addition exhibits an endothermic reaction beginning at 433 K caused by glass transition, followed by three exothermic reactions caused by crystallization with the onset temperature of 468, 513, and 593 K, respectively. From the DSC trace, the onset of melting in this alloy is 726 K. Thus the supercooled liquid region ( T x = T x − T g ) is 35 K and the reduced glass temperature (T rg = T g /T m ) is about 0.60. The glass transition and three crystallization processes are also observed in the alloys with Fe = 3, Fe = 5 and Fe = 7 at.%. The distinct glass transition followed by sharp crystallization peaks in the DSC trace is similar to the other iron-free or iron-poor Nd-based BMGs. However, in the Fe = 10 at.% alloy, the endothermic reaction caused by glass transition is very weak, and the total enthalpy of the three crystallization reactions also decreases. An additional exothermic peak near the melting point of the alloy is observed. For the alloys with Fe = 15 and 20 at.%, the three crystallization peaks and glass transition process disappear in the DSC plots. Instead, a very broad and weak exothermic peak from 630 to 750 K followed by a sharp exothermic peak closed to the melting point is observed. This DSC feature is similar to that of the Nd (Pr)-based BMG with high Fe content (e.g. Nd 60 Al 10 Fe 30 , and Nd 60 Al 10 Fe 20 Co 10 , etc.), which possesses a highly relaxed amorphous structure or a composite structure, consisting of amorphous and clusters (or nanocrystals) [16, 17] .
Results and discussion
With the aim of clarifying the relation of the microstructure with Fe content in the present case, the high- Fig. 3(a) . The electron diffraction pattern is only comprised of a set of halo rings. In contrast, although no typical crystalline phase is recognized in the high Fe content alloy, there is a composite structure, i.e. nanocrystals or clusters with the size of about 5 nm randomly dispersed in the amorphous matrix (shown in Fig. 3(b) ). The selected area electron diffraction pattern in the inset of Fig. 3(b) demonstrates this feature. Furthermore, the volume fraction of clusters and nanocrystals can be estimated about 30-40% by using image analysis technique. This microstructure feature agrees with the results of other Nd-based BMGs with high Fe content [18] .
HRTEM results reveal that the microstructure of Nd 60 Al 10 Ni 10 Cu 20−x Fe x can change gradually from a homogeneous amorphous phase to a composite structure, consisting of dispersed clusters or nanocrystals in the amorphous matrix by increasing Fe content. It is interesting to study how this structural change affects the dynamic mechanical properties of Nd 60 Al 10 Ni 10 Cu 20−x Fe x alloys during continuous heating. During dynamic testing, a sinusoidal stress is applied to the material, and the resulting stress developed in the material is measured and complex modulus can be determined. The complex modulus is a measure of the materials resistance to deformation. It encompasses both in-phase and outof-phase responses of the sample, from which on calculates the storage modulus, E , and the loss modulus, E , respectively, E * = E + iE . The elastic modulus, or storage modulus, E , is a measure of the elastic energy stored and the viscous modulus, or loss modulus, E , is a measure of the energy lost. The loss angle, tan δ = E /E , corresponds to the internal friction. The temperature dependence of the storage modulus (E ), loss modulus (E ) and the loss angle (tan δ) in all the Nd 60 Al 10 Ni 10 Cu 20−x Fe x alloys are studied. The results of the alloys with x = 0, 10 and 20 are shown in Fig. 4 . DSC results are also shown for comparison. For the alloy without Fe addition, E decreases slightly from 22.8 to 22.0 GPa while E and tan δ increase gradually from room temperature to 432 K. Subsequently, E decreases rapidly from 21.9 GPa at 435 K to 7.9 GPa at 487 K, which indicates the high temperature relaxation. It exhibits a strong softening at about 470 K. The relaxation peaks of E and tan δ are consistent to the peak of E in this temperature range. From DSC trace it can see that the glass transition and crystallization reaction take place in this temperature range. The temperature for the glass transition and crystallization by DSC trace is in good agreement with DMTA curves. On further increasing temperature, E enhances slightly in two temperature ranges, 486-535 and 582-617 K, due to the crystallization processes. For the Ferich alloys, E of the alloys are increased to 26.5 and 28.9 GPa for x = 10 and 20 alloy in room temperature, respectively. The softening of the x = 10 alloy takes place at 472 K, but in a quite weak behavior. The corresponding E and tan δ exhibit a broad and weak loss peak from 472 to 615 K. This temperature range covers the glass transition and three crystallization processes exhibited in the DSC curve. This indicates that the glass transition and three crystallization processes contribute to the energy lost in this temperature range. The dynamic mechanical behavior of x = 20 alloy is quite similar to that of x = 10 alloy. The softening of this alloy is also very weak, but starts at a higher temperature, 490 K. A broad loss peak from 490 to 615 K is observed in E and tan δ curve. This suggests that there are also a series of glass transition and crystallization process occurred in this temperature range in the high Fe content alloy.
Normally, glass transition temperature has a weak dependence on composition in the same alloy system [19] . The present fully glassy Nd 60 Al 10 Ni 10 Cu 20 alloy exhibits a remarkable ␣ relaxation, characteristic of amorphous materials. In higher Fe content alloys, although the size and volume fraction of clusters and nanocrystals increase with increasing Fe content, there is still a large fraction of amorphous phase existed in the alloy (e.g. >60% in the x = 20 alloy, Fig. 3(b) ). However, a quite weak softening caused by ␣ relaxation is observed in the alloy with Fe content lager than 10% (Fig. 4) . This may be caused by the increase of viscosity due to the dispersed clusters and nanocrystals in the higher Fe content alloys. In the glassy state at the low frequency, internal friction is given by the formula, tan δ = G/2fη, where G is the shear modulus, f the measuring frequency, and η the viscosity [20] . Dispersed nanocrystals or clusters of rich-iron alloys greatly enhance the viscosity of glassy state alloys, and thereby reduce the energy lost. The increase of viscosity in the undercooled state also causes the atom diffusion and rearrange are more difficult during the process of glass transition and crystallization, and increase T g and T x revealed by E and tan δ broad peaks.
The substitute of Cu by Fe in the present alloy system reduced the volume fraction of amorphous phase, and on the other hand, it also changes the crystallization processes of Nd 60 Al 10 Ni 10 Cu 20 alloy. The glass transition and first three crystallization processes become weaker and weaker with increasing Fe content, and an additional crystallization is observed near the melting temperature in the x > 10 alloys. In DMTA results, the separated E and tan δ loss peaks caused by glass transition and crystallization processes in the Fepoor alloys gradually change into one broad loss peak in the high Fe alloys. There is no reflection phenomenon in DSC traces for x = 15 and 20 alloys corresponding to this temperature range, in which loss peaks are observed in E and tan δ curves. This indicates the chemical composition of the amorphous phase changed with increasing Fe content. In order to clarify this effect, one has to consider the features of the Nd-Fe and Nd-Cu binary phase diagram [21] . The mixing heat calculated by using the Miedema model [22] is +1 kJ/mol for Nd-Fe and −56 kJ/mol for Nd-Cu alloys, respectively. This means that Nd and Fe atoms are positively mixed, and tend to repulse each other during copper mould cooling. The major components in the BMG forming systems normally show a large negative mixing heat [23] [24] [25] . The positive mixing heat of Nd and Fe in the present system may lead to a complicated amorphous phase separation. In other words, by increasing Fe content in the present system, amorphous phases with different chemical composition form during cooling in the high Fe content alloys, in addition to the decrease of total amorphous fraction. The amorphous phase separation was also indicated by others in the high Fe content Nd-based BMG through low temperature magnetic measurements [26] . The glass transition and crystallization processes take place gradually, but has little thermal effect, as each amorphous phase has a quite small volume fraction. However, dynamic mechanical properties are sensitive to these weak processes in the high Fe content Nd 60 Al 10 Ni 10 Cu 20−x Fe x system.
Conclusions
In conclusion, bulk amorphous alloys with good glassforming ability for NdAlNiCuFe systems have been prepared by copper mould casting. X-ray diffraction patterns and HRTEM images show a homogeneous amorphous phase in the Fe-free alloy, while, nanocrystals or clusters dispersed in the amorphous matrix in the high Fe content alloys. The room temperature elastic modulus of the alloys increases gradually with increasing Fe content. During constant heating, Fe-poor alloy exhibits a strong softening due to glass transition, and three loss energy peaks caused by crystallization processes in dynamic mechanical measurements. While, only one broad and weak loss peak caused by glass transition and crystallization is observed in the high Fe content alloys. The effect of Fe content on the thermal stability of the present NdAlNiCuFe system is thought due to the positive heat of mixing between Nd and Fe elements.
